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Underyearling Arctic grayling (ThymalBus arcticus) from the Yukon River system were expsed for 4 d to sus- 
pensions of fine inorganic (s250 g. L-') and organic (550 g o  L-I) sediment and for 6 wk to inorganic sediment 
(11008 rngoLP') under laboratory conditions. The test sediments were collected from an active placer mining 
area near Mayo, Yukon Territory. The exposures evoked sublethal responses but did not cause gill damage. 
Mortalities (1 6 and 28%) occurred only in experiments at 5°C with inorganic sediment concentrations 228 g w  L-'. 
Six weeks of exposure to sediment concentrations > I  083 mgg L-I impaired feeding activity, reduced growth rates, 
caused downstream displacement, colsur changes, and decreased resistance to the reference toxicant pen- 
tachlorcsphenol, but did not impair respiratory capabilities. Stress responses (elevated and/or more varied blood 
sugar levels, depressed Beucscrit values) were recorded after short exposure ((1 -4 d) to organic sediment concen- 
trations as Bow as 50 mgsL-'. Inorganic sediment strengths 210 g. k-' caused fish to surface. The lethal and 
sublethal responses of Arctic grayling to pentachlsrspheno? were similar to those determined for other healthy 
salmonid fishes. 

De jeunes ombres de I'Arctique (Thymasbus arcticus) de moins d'un an provenant du bassin du fleuve Yukon ont 
kt6 exposes en laboratsire pendant 4 j a de fines mati5res inorganiques ( 5 2 5 0  g o  k-') et organiques ( s 5 0  g- L-') 
et pendant 6 sem 2 des matieres inorganiques (rl 000 mg0 L-I). kes rnatieres en suspension utilis6es provenaient 
d'une zone d'exploitation de placers en activite des environs de Mays, Territsire du Yukon. Les expositions ont 
provoque des reponses subl6tales mais n'ont pas cause de lesions aux branchies. I B  n'y a ear mortalit6 (1 0 et 20 %) 
qu'au cours des essais portant sur des concentrations de mati6res inorganiques kgales su superieut-es A 20 g e  L- '  
effectuks a 5°C. L'exposition pendant six semaines A des concentrations de mati&res en suspension superieures 
2 108 mg.L-' s'est traduite par une baisse de Ifalimentation et du taux de croissance et a provoquk un d6- 
placement vers I'aval, un changement des ccauleurs et une baisse de la resistance au produit toxique tkmoin, le 
pentachlorophenol, mais n'a pas eu d'effet sur la capacite respiratoire. Des reactions au stress (teneur en sucre 
du sang plus elevee oar variable, depression dam leucocrite) ont et6 notees apres les courtes expositions (1 4 j) 
a des concentrations de rnatieres organiques aussi faibles que 50 mgw k-'. Les pissons r4agissaient aux teneurs 
en matieres inorgawiques de f O geL-' ou plus en remontant & la surface. Les r6actions letales et subletales au 
pentachloroph$nsl des ornbres de lfArctique etaient wrnblables a celles not& chez d'autres salrnonid6s en 
bonne sante. 
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lacer mining in the Yukon is considered to be a viable 
industry with an historical background (Anonymous 
1983). The need to manage fisheries resources and the 
dismpeion o f  fish habitat during the extraction of gold by 

placer mining presents a potential conflict. While the impact of 
current and past miming activities sn fish a d  their habitat is not 
clearly understood, a number s f  studies have shown site- 

Author to whom reprint requests should LPe addressed. 

specific evidence of damage to aquatic organisms and their 
habitat (Mathers et al. 1981; Singleton et al. 1981; Weagle 
1982; Simmons 1984). Adverse effects have generally been 
attributed to suspended and deposited sediments in receiving 
waters downstream of placer mining activities (Weir 1979; 
Mathers et al. B 98 1 ; Singleton et al. 198 % ; Weagle 1982; Sim- 
mons 1984; W. Knapp, Department of Fisheries md Oceans, 
1098 West Pender Street, Vancouver, B.C. aawppabl. data; 
S.  Meyer and R.  C. Kavanaugh, U.S. Department of the Inte- 

65 8 Can. J .  Fish. Agutr~. Sci., Val. 44, 1887 

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
U

SD
A

N
A

L
B

F 
on

 1
0/

01
/1

9
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



rior, I\ldional Park Service, Anchorage, AK, unpubl . data). 
Earlier studies (Herbert and Merkens 196 1 ; Anonymous 

1965; Neumann et al. 1975; OVConnor et al. 1977; Noggle 
1978; Sigler et al. 1984; Lloyd 1985) have revealed that sedi- 
ment suspended in water can cause acute lethal or sublethal 
effects on fish. Although some nsnsalmonid fish species have 
survived short-term exposures to suspended sediment concen- 
trations as high as 100 g Lsl (Wallen 195 I), bioassays carried 
out by Noggle (1978) indicated a seasonal variability in toler- 
ance of salmonids to natural stream sediment, with concen- 
trations as low as 1280 mgeL-' killing underyealing salm- 
owids. Reduced survival, impaired growth, reduced feeding 
activity, and lower condition factors of salmonids have been 
recorded after their exposure to suspended sediment fines as 
low as 300 mg. L- ' (Noggle 1978; Herbert and Mekens I96 1 ; 
SigHer et al. 1984). 

Our laboratory investigations were designed to provide in- 
formation on the acute and chronic effects of placer mining 
sediments on Arctic grayling (Thymakkus arcticus), which are 
present in many northern mining areas (e.g. Alaska, British 
Columbia, Yukon Territory). This paper summarizes the re- 
sults of these investigations (McLeay et al. 1983, 1984) and, to 
our knowledge, provides the first data on the effects of placer 
mining sediment on T .  arcticus under controlled conditions. 
The results of acute lethal and sublethal bioassay tests, devel- 
oped previously for evaluating the short-term impact toward 
salmnids sf a variety of aquatic contaminants and other envi- 
ronmental stressors (McLeay and Gordon 1980; Wedemeyer 
and Mckay 1981), are summarized. Also described are the 
effects of suspended placer mining sediment (5 1080 mg L-') 
on the feeding, behaviour, growth, biological condition, and 
performance capabilities of underyearling Arctic grayling held 
in artificial streams for a 6-wk period. 

Underyearling grayling (0.03- 1 .O g) were collected by pole 
seine from the Yukon River drainage basin in July and August 
1 982 and June 1983. Groups of fish (50 - 250) were transported 
by air to the laboratory in Vancouver, British Columbia, using 
ice-cooled plastic bags containing creek water and an oxygen 
atmosphere. These fish were held for a minimum of 3 wk 
before experimentation in outdoor fibreglass aquaria supplied 
with dechlorinated Vancouver City tap water. The minimum 
water exchange rate was 2 L g fishs' d-' and the fish loading 
density was 62.5 g0L-' to prevent overcrowding (Sprague 
1973). 

Fish were fed a variety of fmd. As there were difficulties in 
getting young fish (swimup fry) to feed, they were given 
Biodiet No. 1 (60.6 mm crumb size; Bioproducts Enc., 
Warrenton, OR) together with live brine shrimp, beef heart, 
tubificid worms, Daphnia pulex, Oregon Moist Pellet mash, 
and canned salmon. Later, the fish were fed Biodiet No. 2 
followed by Oregon Moist Pellets (1.6 mm), brine shrimp, and 
sockeye salmon (Oncorhynchus nerka) eggs. 

Inorganic ("paydirt") and organic ('600verburden") sediment 
samples were ctslllected from an active placer mine along 
Mighet Creek, Mayo, Yukon Territory. The inorganic sediment 
was screened and pulverized and the organic sediment coarse- 
screened prior to determination of particle size and shape, 
moisture content, volatile and fixed residue, rate of oxygen 
uptake, and major trace inorganic components (McLeay et al. 
1983). Particle size analysis of the sediments used in the acute 

bioassay tests indicated that over 90% sf the particles in the 
samples of inorganic sediment were <0.2 mm, with approxi- 
mately 70% of particles <50 pm and 60-65% <38 pm (silt 
and(clay), whereas approximately 58% of the organic sediment 
was B8.2 mm and only 3% was <38 pm. The inorganic 
sediment used in the prolonged exposure study comprised ap- 
proximately 70% silt and clay (<38 pm), with 98% <75 pm. 
The volatile (organic) content of these inorganic and organic 
sediment samples was 4- 5 and 94%, respectively. Additional 
characteristics of the test sediments are provided elsewhere 
(McLeay et al. 1984, 1984). In general terms, the test sedi- 
ments used in these bioassays were characteristic of organic 
overburden found overlying inorganic "paydirt" and of inor- 
ganic fines carried into downstream waters during sluicing 
operations (Anonymous 198 1). 

The interrelationship between nonfilterable residue (sus- 
pended solids), total residue, and turbidity values for sus- 
pensions sf each sediment type in freshwater was examined 
(McLeay et al. 8983). Total residue values determined for 
suspensions of inorganic and organic sediment sampled during 
the bioassay tests proved to be good approximations of their 
total nonfilterable residue (NFR) content. 

Acute Exposure Studies 

Acrylic 58-L tanks with conical bottoms (Noggle 1978) were 
constructed for use in the acute survival bioassays, temperature 
tolerance tests, and stress bioassays. Rectangular baskets of 
soft mesh nylon netting in a stainless steel frame fitted within 
the main body of each tank contained the fish and facilitated 
periodic observations. 

Test suspensions were maintained by the csntinuous re- 
circulation (10.3 + 8.3 L * min-') of water collected from the 
conical bottom of each tank. A 100-mL aliquot of each test 
suspension was taken at the termination of each acute survival 
test to determine the total residue content to which fish were 
exposed. Preliminary tests also determined total residue con- 
centrations and patterns of dispersal within the recycle tanks for 
a range of concentrations of suspended sedimewt (McLeay et al. 
1983). 

All acute exposure studies with inorganic or organic sedi- 
ment were performed with controlled temperature rooms iso- 
lated from general laboratory disturbances. Overhead incan- 
descent illumination regulated by photocell and automated 
rheostat (for provision of 8.5-h "dawn/dusk" of variable in- 
tensity) simulated a natural photoperiod. 

Fish sumivce! and condition 
Groups of 10 fish acclimated to 15 or 5°C for periods of H 1 

(15°C) or 9 (5°C) wk were placed randomly in a series of 58-L 
volumes of inorganic (0.05-250 gmL-') or organic (8.05- 
50 g*Lmi)  sediment in suspension. Water temperature ( 5  or 
15"C, depending upon acclimation temperature), pH, dissolved 
oxygen content (milligrams per litre), and conductance (micro- 
siemens per centimewe) values for each suspension were mon- 
itsred daily for 4 d (96 h), together with fish survival. One 
group of fish acclimated to 15°C was held in 50 g inorganic 
sediment Lsl for 16 d at this temperature, during which time 
water quality conditions and fish survival were monitored 
daily. 

All dead fish and those surviving the acute expsure bio- 
assays were inspected for gross lesions and overt signs of 
disease. Gill tissue from selected groups of fish surviving a 
96-h exposure to a range sf concentrations of inorganic or 
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organic sediment was removed, fixed (Bouin's), paraffin- 
embedded, sectioned (6 pm), and stained (hematoxyIin/eosin) 
for subsequent histological examination. Blood samples from 
these fish were collected in heparinized rnicrohematocrit tubes 
and analysed for hematwrit values. 

Acute stress bioassays 
Controlled bioassays were performed to determine the con- 

centrations of inorganic and organic sediment suspensions 
which were acutely stressful to T. arcticus. Basic test pro- 
cedures were those proven effective for determining threshold 
strengths of a variety of aquatic contaminants which cause 
stress responses (elevated blood sugar levels, decreased num- 
bers of circulating leucscytes) in other salmonid fish species 
(McLeay 1977; McLeay and Gordon 1977, 1979, 1980). 

Groups of BO fish acclinsated for 48 h to the recycle tanks in 
the absence of sediment were subsequently exposed to a range 
sf concentrations of suspended inorganic or organic sediment. 
Duplicate control groups (freshwater only) were included for 
each bioassay series. Each group of 20 fish was sacrificed for 
blood sugar, leucocrit, and hernatocrrt determinations after a 
24-h ( I  5°C-acclimated fish) or 96-h (5°C-acclimated fish) ex- 
posure to sediment, using standardized test procedures 
(McLeay eb al. 1 983). 

Tolerance to hypoxia 
Sealed jar (residual oxygen) bioassays were conducted with 

groups of grayling acclimated to 15 or 5°C and exposed to a 
range of concentrations of suspended inorganic ( 1  5 and 5°C) or 
organic ( 1  5°C) sediment. Basic test procedures were those de- 
veloped for use with kraft pulpmill effluents (McLeay 1976; 
Gordon and Mckay 1977) and applied subsequently with 
other aquatic contaminants (McLeay and Gordon L 980). Ten 
replicate jars were prepared for each sediment concentration. 
Time to death and residual dissolved oxygen concentration at 
death of each fish (one per jar) were determined and compared 
with values for control fish (McLeay et al. 1983). 

Temperature loierance 
The effect of acute sediment exposure on the critical thermal 

maxima (upper lethal temperature tolerance) for Arctic gray- 
ling acclimated to 15 or 5°C and held in a range of concen- 
trations of inorganic or organic sediment was determined. Test 
procedures, whereby groups of 10 fish in differing sediment 
strengths were subjected until death to progressively rising 
temperatures (B°Ca h-I) from their acclimation temperature, 
were those used for other aquatic contaminants (McLeay and 
Howard 1977; McLeay and Gordon 1980). 

Reference toxicant &?SLY 

Tolerance to the reference toxicant pentachlorophenol 
(Davis and Hoos 1975) was assessed for the stocks of Arctic 
grayling used in the acute exposure studies. Acute lethal toler- 
ance to pentachlorsphenol was determined for grayling accli- 
mated to 15 and 5°C in the absence sf any sediment exposure. 
Additionally, the effect of this chemical on acute stress re- 
sponses, tolerance to hypoxia, and upper lethal temperature 
tolerance far fish acclimated to 15°C was measured (McLeay 
et al. 1983) to determine the extent to which Arctic grayling 
may respond to this reference toxicant under the ascribed 
conditions. 

Prolonged Exposure Studies 

Eight acrylic test streams (2 3 0 X 13 x 20 cm) placed side 

by side were used to expose T. arcticus to duplicate concen- 
trations of 0, 100, 308, and 1800 rng suspended inorganic 
sediment l- ' . Removable screens were located at 100 and 
200 cm from the head of each stream. A vertical overflow 
standpipe (for the continuous replacement of each test sus- 
pension) and horizontal outflow pipe (for the recirculation of 
each test suspension) were located at the downstream end and 
a horizontal inflow pipe at the upstream end. Each stream was 
covered by a fibreglass screen to prevent fish escaping. Water 
(+sediment) was pumped (Cole-Parmer impeller driven 
pumps) at 10 Lamin-' through 2-cm I.D. plastic tubing, thus 
maintaining a riffle area within the first third of each stream. 
Oil-free compressed air was continuously introduced at the 
head and midstream positions of each stream. Four 220-L p l y -  
ethylene barrels were used as reservoirs. One ban-el contained 
clear freshwater (control), while the sediment strengths (pre- 
pared daily) were stirred continuously in each of the other three 
barrels (Greey-Lightnin motor, 1700 rpm, stainless steel shaft 
and impeller). 

Throughout the 6-wk exposure perid the contents of each 
barn1 were pumped continuously (Cole-Pamer Masterflex 
peristaltic pump) to each of two streams at 70 rn&~rnin-~ 
*stream-', providing a 95% molecular exchange of each test 
susjxnsion (and control water) within each stream every 24 h 
(Sprague 1973). Water temperature, dissoHved oxygen, pH, 
conductance, NFR, and turbidity (foraazin turbidity units; 
FTU) were monitored daily in each test stream. Nonfilterable 
residue values were determined for water samples taken from 
upstream, midstream, or downstream positions in each test 
stream. These values did not differ appreciably for any of the 
sediment s t~ngths  examined. Mean NFR values ( N  - 50) for 
the duplicate streams with a nominal strength of 100 mga k-' 
were 86 +- 2% and 93 v 6  mg L-k for 380 mg L-I, they were 
286 -t 48 and 273 +- 51 mg-L-'; and for 1000 rngeL-', they 
were 988 + 130 and 955 2 127 mg L-' . Nonfilterable residue 
values for each of the control streams were consistently below 
the Ievel of detection*(<5 nag Temperatures for individ- 
ual streams varied from 14.0 2 0.4 to 15.8 k 0.4"C (N =. 50); 
dissolved oxygen Brom 9.3 2 0.2 to 9.7 k 0.3 mg-L-I; pH 
fmm 6.5 t. 8.2 to 6.7 -+ 0. 2; conductance from 25 ? 4 (control 
stream) to 36 + 5 pS*cm-' (1000 rngL  stream-'); and tur- 
bidity from 1. B + 0.4 (control stream) to 1641 * 224 WU 
(1000 m g e E  stream-'). The water inflow rates (N = 48) to 
each stream remained relatively constant and ranged from 69 + 
3 to 73 t 3 rnLa min-I. 

All apparatus was housed in a temperature-controlled room. 
Four 40-W broad-spectrum ""Vitalite" fluorescent tubes illkg- 
minated each test stream for an 18-h Bight (1076 k 54 lx) : 6-h 
dark sequence (synchronized incandescent 40-BY bulbs, con- 
trolled by rheostat, provided a 0 .54  dawn and dusk period). 

Fish feedi~zg, growth, sand behaviour 
After a 3-wk acclimation to laboratory conditions of water 

and feed, 480 individually weighed juvenile T .  arcticus were 
placed at random into the test streams (6O0stream-I). Initially 
each stream received (for a 7-d period) sediment-free fresh- 
water (dechlorinated Vancouver City tap water at 15 f I°C, 
<5 mg NFR * L-') at a flow rate of 2230 rnL- min-' (95% 
exchange in 1 9  h). 

During the 7-d acclimation period to the test streams (and for 
2 wk thereafter), the fish were fed Biodiet No. 1 (7% wet body 
weight - d-I). This ratio was subsequently changed to a mixture 
of Bidiet No. I and No. 2 ( 1 : 1) and, after 6 wk, to Biodiet 
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No. 2. Equal quantities of live Duphrmia sp. were also fed daily 
to fish in each stream. All food offered was spread evenly along 
the stream. 

All fish were reweighed after the 7-d acclimation period. The 
predetermined concentration of sediment suspensions and 
freshwater (control) were then metered continuously from the 
reservoirs which were maintained on a daily basis to provide 
suspended sediment strengths within each test stream of 8 (con- 
trol), 100, 300, and 1000 mg NFR * L-' . 

The growth sf fish in each test stream was monitored weekly 
throughout the subsequent 6wk  test period by weighing each 
test fish in a preweighed beaker containing a sample of stream- 
water to which the fish was exposed. 

Information on the horizontal distribution of the test fish 
within each stream was obtained by inserting screens across 
each stream and determining the number of fish occupying four 
equal stream sections. The number of fish occupying each 
section was counted and the partitions removed. This pro- 
cedure was performed after 4 and 5 wk of exposure to 
sediment. 

The effect of suspended sediment on feeding response times 
of the grayling offered live food was determined after 5 or 6 wk 
of exposure. For feeding trials with surface drift, three fish 
were selected at random and confined within the downstream 
half of the stream by a screen. The fish were slowly moved to 
the most downstream portion of this half of the stream after a 
663-min adjustment period. A live adult fruitfly (Drosophika 
rnebanogastsr) was placed on the water surface 40 cm upstream 
and the fish permitted to move freely in the stream. The time 
for fish to consume this surface-drifting prey was recorded. All 
tests were terminated after 360 s. Three separate trials with 
surface drift were conducted, using different groups of fish. 
Five to nine replicates were carried out for each trial. Five to 
seven replicates per trial using naive grayling (stock, un- 
exposed)-were also carried out in the same manner, after their 
exposure to each test suspension in the downstream half of each 
stream for 1 h only. 

The feeding response to live subsurface drift (Arternia 
sabina) or benthic invertebrates (tubificid worms) employed the 
use of submersible nylon mesh baskets (60 X 15 X 15 cm). 
Unlike surface drift trials, in the response trials with benthic 
invertebrates all fish were restrained in the upper half of the test 
stream while I0 tubificids were distributed randomly along the 
basket which occupied the downstream half. Three grayling 
were then placed in the downstream section and the basket 
raised to permit very rapid observations of numbers of uncsn- 
sumed tubificids after 1, 3, 5, 10, 15, 30, 45, and 60 min. 
Three trials per stream were carried out with different groups 
of fish, together with one trial using naive (unexposed stock) 
fish. Three feeding response trials with subsurface drift (live 
brine shrimp, A. salina) were also carried out after 6 wk of 
sediment exposure of the test fish. As in the feeding trial with 
benthic prey, 10 food organisms were used and the same pro- 
cedure followed; however, the feeding response to subsurface 
drift for naive grayling was not examined. 

The effect of prolonged exposure to suspended sediment 
concentrations I1000 mgeL-' on fish performance was as- 
sessed by a number of techniques. The acute lethal tolerance to 
the reference toxicant pentachlorophenol was established for 
groups sf 10 fish from each stream, removed after 3 and 6 wk 
of exposure (McEeay et al. 1984). In addition, the effects of 
previous (6 wk) sediment exposure upon fish respiration (acute 
tolerance to hypoxia) was assessed using the sealed jar bioassay 
technique (McLeay 1976; Cordon and Mchay  B 977). Finally, 
the thermal tolerance of groups sf fish held in each test stream 
for 6 wk was compared using critical thermal maxima bio- 
assays (McLeay and Howard 1977; McLeay and Gordon 
1980). 

Statistical Analysis 

Condition factor (K) was detemined according to Carlander 
(1969) where K = c W - L - ~ ,  assuming c is a constant (100). 
W = weight (grams), and L = fork length (centimeters). 

The acute median lethal concentrations (96-h LC50 values) 
for grayling exposed to inorganic or organic sediment or to the 
reference toxicant were calculated (with 95% confidence inter- 
vals) using the computerized program sf Stephan (8977). 
Times to death of 50% of grayling (LT50 values) exposed to 
pentachlorophenol following their prolonged exposure to sedi- 
ment were calculated by log-probit analysis (Litckfield 1949). 
The median effective concentration (EC566 value) of sediment 
suspensions causing a net significant response for 50% of the 
exposed fish was calculated for the sublethal bioassays accord- 
ing to established procedures (Sprague B 968; McLeay and 
Howard 1977; McLeay and Gordon 1980). 

Analysis sf variance (ANOVA) followed by Dunnett's test 
(Zar 1974) was used to examine the fish growth data for signifi- 
cant differences. 

Results and Diseussisn 

Sediment and Water Quality 

The measured concentrations of sediment to which fish were 
exposed remained relatively constant (and within the range of 
nominal strengths) throughout the acute and chronic exposure 
periods (McLeay et al. 1983, 1984). Accordingly, we consider 
that it is appropriate to assess the bioassay results in relation to 
nominal sediment concentrations. Those short-term variations 
in suspended sediment strengths which did occur were minor 
when compared with the suspended sediment variations that 
occur in streams subjected to placer mining QMcLeay et al. 
1983; Simmons 1984; Wagener 1984; &Boyd 1985). Further- 
more, effects on aquatic organisms exposed to sediment gener- 
ated from placer mining may be due to numerous factors 
besides sediment concentration 4e.g. particle size, shape, hard- 
ness) (McLeay et al. 1983). Comparison of our particle size 
data for the inorganic sediments used, with that for natural or 
placer mine generated sediment suspensions in Alaskan 
streams (Lloyd 19853, indicates that our test sediments were 

Fish condition land tolerance e;o challengers similar in this respect. 
Following 6 wk of sediment exposure, BO grayling were With the exception of suspended sediment loadings, the 

removed from each test stream to assess their condition. Length quality of water used in these laboratory studies was compatible 
and weight (wet, dry) were determined and blood samples with fish survival. In the higher concentrations of sediment 
taken for determination of hematocrit, leucocrit, and glucose examined there was a slight but consistent elevation in conduc- 
content. The condition factor and percentage body moisture tivity. However, this would not cause any osmotic stress to test 
content of each fish were calculated. fish. Other water quality variables including temperature, pH, 
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TABLE 1. Summary of the labomtory findings for underyearling Arctic grayling acutely exposed to 
suspensions of placer mining sediment. 

Acclimation Sediment 

Test temperature Exposure EC5V 
variable ("cg TYF (h) Response elicited ( ~ . L - ' B  

Survival Inorganic 
Inorganic 
Organic 
Inorganic 

No effect 
No effect 
No effect 
10 and 20% 

mortality in 
20 and 100 
g a L- ' , respectively 

Gill histology Enorganic 
Organic 

No effect 
No effect 

Inorganic 
Organic 
Inorganic 

No effect 
No effect 
N s  effect 

Leucwrit 
(number of 
white blood 
cells) 

Inorganic 
Organic 
Inorganic 

Decrease 
Decrease 
No effect 

Blood sugar 
(plasma 
glucose) 

Inorganic 
Organic 
Inorganic 

Increase 
Increase 
Increase or more 

variation 

Tolerance 
to hypoxia 
(time to dedh) 

Inorganic 
Organic 
Inorganic 

Increase 
Decrease 
No effect 

Temperature 
Tolerance 
(critical 
thermal 
maxima) 

Inorganic 
Organic 
Inorganic 

Slight decline 
SIight decline 
No effect 

lnorganic 
Inorganic 
Organic 
Organic 

Swimming at surface 
Swimming at surfiace 
No effect 
No effect 

"Median effective concentration causing a net significant response for 50% of fish. 
'hlnable to determine due to increased variance of data. 

and dissolved oxygen were compatible with fish survival and, 
in the ease of the prolonged exposure studies, optimal or near 
optimal for their growth and long-term well being. 

100 wag-IL-" 5 and 8%; 308 rngnL-', 5 and 10%; EW 
mg L-! , 5 and 12% (Table 2). Gills of the dead fish showed 
no signs of clubbing, accumulation of sediment, or excessive 
mucous production. Most of these fish showed signs of 
physical injury (nips, tears), presumably related to aggressive 
interactions. 

Our studies indicate that underyearling T. arcticus can sur- 
vive long-tern (6 wk) exposure to inorganic sediment coneen- 
trations r 1000 rng L-' and short-term (4 d) exposure ts high 
inorganic (1250 g L-I) or organic ( ~ 5 0  g a &-') sediment con- 
centrations under otherwise optimal water quality conditions. 
The <20% mortalities in grayling acclimated to 5'C and held 
fa 4 d in 20 or 100 g L-' suspensions sf inorganic sediment 
suggest a decreased tolerance for fish acclimated to cold water. 
However, confirmation of this would require furher study. In 
the chronic exposure experiments, fish mortalities were consid- 
ered to be a result of aggression between individuals rather than 
a response to suspended sediment concentrations. We are not 
aware of any comparable data relating to the lethal tolerance of 

Fish Survival 

All 15°C-acclimated grayling survived a 86-h exposure to 
suspensions of inorganic sediment up to and including 
250 g - L-', md also survived a 16-d exposure to 50 g * & - I .  

SirniIady, all grayling acclimated to 15'C survived a 96-h 
exposure to organic sediment up to and including 50 g-L-'  
(Table I). In experiments ca r r id  out at 5"C, 10 and 20% 
mortality was recorded for inorganic sediment strengths of 20 
and 100 g L-', respectively. All 5°C-acclimated fish survived 
a 96-h exposure to Bower concentrations sf suspended 
sediment. 

All 60 fish in each test stream survived the initial 7-d accli- 
mation period. Some mortalities, unrelated to sediment 
strength, occurred thereafter in each stream. Overall, 8% of the 
test fish died during the 6-wk exposure ((control, 8 and 13%; 
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Exposure Sediment 
Test period concen tsaaion 

variable (h) (mg * L- l )  Observation 

Feeding response 
(naive fish) 
to benthic 
invertebrates 
(tubificids) 

1 0 Mean time to consume all prey 5 min 
180 Mean times to consume all prey 5-  18 min 
300 Mean times to consume all prey 3-5 min 

1000 Failure to consume all prey in $0 min 

Distribution 0 60% of fish in upstream section 
in experimental 1 00 32% in upstream section; downstream 
streams displacement 

300 15% in upstream section; downstream 
displacement 

1000 169% in upstream section; downstream 
displacement 

T. arcticus to suspended sediment bander controlled conditions. 
Recently, the survival and health sf T. arcticus held within 
cages in streams being actively placer mined have been report- 
ed (McLeay et al. 1983; Simmons 1984). These field studies, 
carried out at two locations (Yukon and Alaska), confirm that 
juvenile Arctic grayling can withstand short-term (9 d) ex- 
posure to high (6.6 g %-') total sediment residue. 

Available information concerning the lethal tolerance of 
other salmonid species to sediment is sparse and somewhat 
inconsistent. Smith 1978) reported that high concentrations 
(28-55 g o  L-') of suspensions prepared from two natural sed- 
iment sources were required to kill chum salmon (Onco- 
rhynchs keta) fry within 4 8. On the other hand, Herbert and 
Merkens (1961) reported that a 10- to 15-d exposure sf juvenile 
rainbow trout (Saimo gairdneri) to suspensions of kaolin or 
diatomaceous earth as low as 270 mg L-' caused significant 
mortalities of test fish. Nsggle (1978) determined that the acute 
lethal tolerance (96-h LC50 values) to suspensisns of natural 
sediments for groups of wild or hatchery-reared juvenile coho 
salmon ( 0 .  kisutch), chinook salmon (0. tshaavytscha), or 
steelbead trout (S. gairdneri) varied from 1.2 to 35 goL-I.  
Differences noted were attributed largely to seasonal tem- 
perature variations, with a lower tolerance of fish to sediment 
observed during the summer months. This co~mclusion was sup- 
ported by a report of lower lethal concentrations of natural 
sediments for nonsalmonid fishes, with higher test tem- 
peratures (Rogers 1969). More recently, differences in the 
acute lethal tolerance of juvenile sockeye salmon exposed to 
vwious-sized fractions of Fraser River sediment were found 
(J.  A. Servizi, International Pacific Salmon Fisheries Commis- 
sion, Sweltzer Creek Laboratory, Cultus Lake, B .@. , pers. 
comm.). The variability in IethaH tolerance of fish to suspended 
sediment, as apparent from these and the present studies, may 
be partially explained by differences in the nature (e.g. particle 
size, angularity, hardness) of the suspended sediment material 
used in the tests (Anonymous 1965). 

Physiological Condition 

After the acute (4 d) exposures, fish showed no gross evi- 
dence of lesions or signs of disease. Gills appeared normal, and 
no lamellar clubbing, hypertrophy, or hyperplasia was found 
associated with short-term exposure to inorganic (< 100 g L-') 
or organic (-950 g L-') sediment. Similarly, fish held for up to 

6 wk in test streams containing suspended sediment strengths 
a1000 mg oL-' appeared healthy. Fins and opercula of these 
fish were normal and ns internal or external hemorrhages or 
lesions were ohsewed. Gross examination sf the gills revealed 
no clubbing, discolouration, excess mucus productions, or 
adhesion of sediment particles. However, all fish in 1050 rng 
suspended sediment l-' had indistinct p m  marks and were 
notably paler than control fish. Fish held in 300 mg sedi- 
ment a L-' were slightly paler than control fish (Table 2). 

As in our studies, Smith (1978) found no damage to gills of 
juvenile churn salmon acutely exposed to high (up to 55 g L-'1 
concentrations of suspended inorganic sediment. In contrast, a 
number of investigators have reported histopathological 
changes in fish gills attributable to sediment exposure. Herbert 
and Merkens (1961) observed thickening and fusion of second- 
ary gill lamelbe of some rainbow trout exposed for several 
weeks to diatomaceous earth or china clay. Noggle (1978) 
reported notable gill histopathologies in certain juvenile salrn- 
onid fish held in inorganic sediment suspensions 9 13 g L-' 
for up to 95 h. Noggle (1978) also reported thickening and 
fusion of gill larnellae in trout held in suspensions sf 
diatomaceous earth for up to 96 h. Gill damage was noted in 
juvenile sockeye salmon exposed for 96 h to 3 g fine 
sediment e l - '  from the Hraser River (J.  A. Servizi, pers. 
comm.). Under field conditions, Simmons ( 1 984) recorded 
histopathological changes in the gills of Arctic grayling ex- 
posed for 48-96 h to high concentrations of suspended placer 
mining sediment. Birtwell et al. (1984) also documented the 
presence of histopathological changes in the gills of T. arcticus 
of different age classes within a drainage basin being placer 
minded. But, unlike Simmons' (1984) findings, these (Birtwell 
et al. 1984) results with wild uneaged fish could not be conclu- 
sively attributable to exposure to placer-mining sediment. Pick- 
ral (1 98 1) cited the variability in reported findings sf fish gill 
tissue damage associated with high concentrations of sus- 
pended sediment and suggested that the evidence for such an 
effect (attributable to sediment concentration) was inconclu- 
sive. We interpret this variability in response to differing sedi- 
ment characteristics (particle shape, size, hardness), perhaps in 
conjunction with biological (fish age, size, prior history of 
exposure) and experimental (exposure period, test apparatus) 
differences. Our observation that fish exposed to 300 and 
1000 rng OL-'  were paler in eolour is consistent with other 
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findings for salmonid fish exposed to elevated suspended sedi- 
ment levels under field or laboratory conditions (Herbert and 
Merkens 1 961 ; Herbert et al. 196 1) and probably reflects a 
contraction of epithelial chromatophores in response to back- 
ground colour. 

Blood hernatmrit values for all groups of fish acclimated to 
15 or 5°C and exposed acutely ( 1 -4 d) to differing concen- 
trations of inorganic or organic sediment were unchanged from 
those for the respective groups of control fish (Table 1). Mean 
values for fish acclimated and tested at 15°C were 3 1-35% 
whereas those for grayling acclimated and tested in colder 
(5°C) water were somewhat lower (28-30%). Sample vari- 
ances were small. Hematocrit values for groups sf grayling 
held for 6 wk in suspended sediment concentrdtions 51800 
rng L-' were also unchanged from those for corresponding 
control groups. 

As in our studies, Noggle (1978) reported that hematocrit 
values of underyearling coho salmon were unchanged by hold- 
ing fish for 96 h in suspended sediment concentrations equiv- 
alent to 0.8 of the 96-h LC50 value. Other studies with non- 
salmonid fishes given short-term exposure to sediment have 
shown unchanged, elevated, or depressed hematocrit values 
(Berry 1973; Neumann et al. 1975). 

Hypxic conditions cause significant increases in hematocrit 
values for salmonids (Holeton and Randall 1967; Swift and 
Lloyd 1974; Soivio et al. 1974a, 1974b; Casillas and Smith 
1977). On the other hand, changes in hematocrit are somewhat 
resistant to acute stress, including that caused by exposure of 
fish to sublethal concentrations of a variety sf aquatic con- 
taminants (McLeay and Gordon 1977, 1979, 1980). 'The ab- 
sence of any changes in hematocrit for grayling exposed to 
suspended sediment for brief periods (1 -4 d) or for periods as 
long as 6 wk suggests that these exposures did not lower blood 
oxygen tension. O'Connor et al. 4 1977) reported elevated 
hematwrit levels, red blood cells counts, and hemoglobin val- 
ues together with histological evidence of gill damage for cer- 
tain species of estuarine fish exposed to suspended sediment 
whereas for other species these blood values and gill histology 
were unchanged from controls. A lack of change in hematocrit 
values does not necessarily imply no gill tissue damage, how- 
ever, since fish have a large "reserve" surface area of gill tissue 
available for maintaining blood gas tensions at normal values 
(Randall 8970). The decrease in hematocrit values noted in this 
study for Arctic grayling acclimated to 5"C, relative to those 
acclimated to warmer (15°C) water, is consistent with reported 
findings for other salmonid species (Banks et al. 1971). 

In the acute stress tests with sediment, mean blood leucocrit 
values for all groups of 15°C-acclimated fish exposed for 24 h 
to inorganic or organic sediment concentrations 11000 
mg = L-' were decreased relative to values for corresponding 
control groups. Median effective concentrations causing a net 
significant response for 50% of test fish varied from 5.$ (or- 
ganic sediment) to 52 gsL-' (inorganic sediment) (Table 1). 
Leucocrit values for the coldwater-adapted fish were somewhat 
lower and were not altered by sediment exposure. 

Blood sugar values for groups of fish acclimated to both 5 
and 15°C were affected by acute 4 1 -4 d) sediment exposure. 
Values for sediment-exposed fish were generally increased 
and/or more variable, relative to corresponding control values. 
Suspensions of organic sediment consistently elevated blood 
sugar levels at all concentrations examined (250  mg-L-I). 
Changes due to inorganic sediment concentrations 2500 
mg L-' were also evident at both temperatures tested, although 

increased variances due to treatment prevented the calcaalatisn 
of EC50 values (Table 1). 

Leucocrit values for groups of fish held for 6 wk in sus- 
pended sediment strengths r 1800 mg * L-' were unaffected by 
treatment (range 0.9 ? 0.2 to 1.0 ZL 0.4%). Mean plasma 
glucose values for these fish were consistently low (58- 
68 mg%), with no consistent changes in magnitude or sample 
variance attributable to sediment exposure. The percentage 
moisture content for these fish groups (means 77-7996) was 
also unaffected by sediment exposure. 

Unlike hematocrit, leucocrit values of salmonids can change 
rapidly and dramatically in response to stress (McLeay 1975; 
McLeay and Gordon B977;Wedemeyer and McLeay 1981; 
Wedemeyer et al. 1984). Short-term exposure of rainbow trout 
or coho salmon to concentrations of aquatic contaminants as 
low as 0.1 of the 96-h LC50 can cause significant declines in 
leucocrit, provided that test fish are in good condition and 
unstressed beforehand (McLeay and Howard 2977; McLeay 
and Gordon 1979, 1980). The general decline in leucocrit 
values for warmwater-acclimated grayling held in suspensions 
of inorganic and organic sediment for 24 h indicates that each 
of these sediment types was stressful to these fish. Values for 
control groups were similar to those found previously for 
underyearling coho salmon, and somewhat elevated from con- 
trol values for rainbow trout (McLeay md Gordon 1977). The 
absence of a consistent leucocrit response for the coldwater- 
acclimated grayling may reflect the influence of prior stress 
4i.e. disturbances to all control and best fish during the 4-d 
exposure period) or perhaps a differing mechanism of response 
to stress for coldwater- versus warmwater-acclimated fish. 

The stress reactions (depressed leucocrit values, elevated 
plasma glucose values) found in our studies with grayling ex- 
posed for 24 h to sublethal strengths of the reference toxicant 
pentachlorophenol are typical of the acute respsnses of under- 
yearling rainbow trout to this chemical (McLeay and Gordon 
1980). Diverse environmental stresssrs including sublethal 
strengths of aquatic contaminants are known to cause a rapid 
elevation and/or increased variance in blsod sugar levels sf 
salmonids (McLeay 1977; Wedemeyer and McLeay B 98 1). A 
consideration of the blood sugar changes found in our tests, 
together with leucocrit changes for sediment-exposed fish, con- 
f ims that sublethal strengths of the inorganic and organic sed- 
iment suspensions examined were indeed acutely stressful to 
Arctic grayling. The variation in plasma glucose levels noted 
for coldwater-acclimated grayling exposed to suspensions of 
inorganic sediment for 96 h indicates that grayling are stressed 
by this sediment, regardless of season or acclimation 
temperature. 

Other studies of the hematological effects of sediment sus- 
pensions on fish are limited. Noggle (1978) found that blood 
sugar values for groups of coho salmon held for % h in inor- 
ganic sediment suspensions 20.2 LC50 were significantly 
changed from those for control fish. B'Connor et al. (1977) 
reported that the laboratory exposure sf a number of species of 
estuarine fish to suspensions of natural gediments caused hema- 
tological changes indicative of stress responses. Similarly, 
9. A. Servizi (pers. comm.) recorded elevated blsod sugar 
levels in adult sockeye salmon exposed for 96 h to natural 
sediments (2588 mg L-'). 

Exposure of Arctic grayling and other fish species to sus- 
pended sediment at strengths which can be found within natural 
streams has been shown to cause a number of typical stress 
responses, including short-term increases in plasma cortisol 
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%eveis (Redding and Schreck 1980), depletion of liver glycogen 
energy reserves (Sherk et al. t 974; B'Connor et a!. I977), and 
elevation of plasma glucose Ievels (Noggle 1978). When the 
stress is prolonged, certain fish stress indices including plasma 
cortisol and glucose Ievels and numbers of circulating white 
blood cells (leuewrit) recover to basal or near-basal levels 
(McLeay and Brown 1974; McLeay 1977; McLeay and Gordon 
1977; Redding and Schreck 1980). These recoveries typify the 
stage sf resistance to stress (Selye 19501, and are only achieved 
at a metabolic cost. Thus the apparent absence of change in 
leucmrit or plasma glucose values for Arctic grayling folIow- 
ing 6 wk of exposure to suspensions of placer mining sediment 
is not unexpected, and does not imply that these fish were not 
stressed. A better understanding as to whether the grayling in 
this study were chronically stressed by suspended sediment, 
and the stage of this response after 6 wk of exposure (i.e. 
resistance or exhaustion stages; Selye 2956), would require a 
more detailed bischemical/histopatho1ogica1 examination of 
test fish. 

Condition Factors a d  Growth 
Fish condition factors after 3 and 6 wk of sediment exposure 

did not differ significantly due to treatment. Mean ( 2 s ~ )  con- 
dition factors after 6 wk varied from 8.8 I 9- 0. l l to 0.92 -+ 
Oa 1 I .  These values are similar to those for underyearling Arctic 
grayling captured from clear water Yukon streams (Birtwell 
et al. 1984). As in the present study, Sigler (298 1) found no 
change in condition factors for underyearling steelhead trout or 
coho salmon held for extended periods in laboratory streams 
containing sediment suspensions whereas these fish grew less 
than the control fish in clear water. 

The initial mean weight for each group sf 60 grayling in each 
stream was similar (range 0.52 -C- 0. B I to 8.56 e 0.1 g). 
However, for each of the subsequent exposure periods, the 
mean weight for each group of control fish was greater than that 
for any sediment treatment, and reduced growth due to sedi- 
ment exposure was concentration dependent. The average 
percentage weight gains, based upon the mean weight of fish 
at 0 versus 6 wk of exposure, were as follows: O mg.Ldi, 
241%; 1041mg.L-', 227%; 300mgoL-', 217%; 10OOmg~L-', 
16 1%. Relative to the control values, there was a 33, 10, and 
6% reduction in growth of fish exposed to a suspended sedi- 
ment concentration of 1000, 300, and 1BO mg.&-', re- 
spectively, during the test period (Table 2). 

According to ANOVA, fish weights differed significantly 
( P  < 0.05) due to treatment for all exposures of 2 wk or 
greater. Dunnett's test showed that weights for fisk exposed to 
1000 mg sediment - L - I  were less than those for corresponding 
groups of control fish at 2, 3, 4, 5, and 6 wk. Weights for fish 
held in 100 and 300 rng suspended sediment a L-' were signifi- 
cantly less than corresponding controls at 3 ,4 ,  and 5 wk only. 
Differences between values for the lower sediment strengths 
and controls did not differ significantly at 6 wk, presumably 
due to increased sample variances. 

The significant reduction in growth of grayling exposed to 
suspended placer mining sediment at lW, 300, md 1008 
mg L-' is consistent with previous findings. Herbert and Rich- 
ards (1 963) repfled growth impairment for rainbw trout rear- 
ed for 33-40 wk in suspensions of cod-washel-y waste or 
wood fibre as low as 50 rnge L-'. Similarly, Sigler et al. (1984) 
found reduced growth for underyearling steelhead trout or coho 
salmon held for 2-3 wk in laboratory streams containing sus- 
pended clay solids with turbidity values as low as 25 ETU. 

Depending on the nature and availability of the food supply, 
settled sediment fines may also restrict the growth of stream- 
reared fish (Crouse et al. 1981). 

Unlike grayling in test streams receiving 1000 mg suspended 
sediment l-' , those reared in 100 or 300 mg sediment l-' 
grew nearly as well as the control fish. However, all fish were 
presented with an abundant supply of food throughout the test 
perid.  These lower suspended sediment streng ths, if present 
for extended periods within natural streams where food supply 
was limited, could result in a greater impairment of fish growth 
than we observed. 

The reduced growth of sediment-exposed grayling found in 
our study likely reflects a seduced scope for growth. A sus- 
tained increase in swimming activity of fish due to suspended 
sediment (Berg 1982), or other increased metabolic demmds, 
would increase energy costs and result in less energy available 
for growth. Decreased growth may also be due to a decreased 
food intake, although it is thought that this would be reflected 
in a reduction in fish condition factor. As in the present in- 
stance, other studies with salmonids exposed to sublethal con- 
centrations of aquatic contaminants have reported reduced 
growth, unaccompanied by any change in fish condition factors 
or percentage moisture content (although food conversion effi- 
ciency was reduced) (Webb and Brett 1972, 1973). A reduction 
in food conversion efficiency, if caused by increased mainte- 
nance energy costs, would reduce the proportion of energy 
available for growth (Wmen and Davis 1967), i .e. reduce the 
"scope for growth" (Brett 1976). 

Tolerance to Hypoxic Challenge 

Mean times to death for groups sf 15°C-acclimated fish held 
briefly (hours) in sealed jars containing suspended sediment 
increased progressively with increasing inorganic sediment 
concentation; however, mean residual oxygen values for each 
treatment did not differ from those of controls. At 5"C, inor- 
ganic sediment did not affect either times to death or residual 
oxygen values at death. Contrasting with this situation, the 
times to death for groups of grayling held in suspensions of 
organic sediment decreased progressively with increasing sedi- 
ment strength (Table I). Residual oxygen values for these 
groups were variable and again showed no consistent increase 
with sediment concentration. 

Sealed jar bbihsassays performed after 6 wk sf exposure of 
grayling to suspended sediment concentrations : 1000 mg L - I  

indicated that their short-term capacity to withstand hypoxic 
conditions was unimpaired. Mean residual dissolved oxygen 
values derived for fish from streams receiving identical treat- 
ment were somewhat variable and showed no consistent trend 
with respect to sediment strength. However, unlike these find- 
ings, the times to death of fish exposed to 300 and 1000 mg 
sediment l- ' were decreased consistently and significantly 
(P < 0.05) relative to control fish or those held in 1 0 0  rng 
sediment The LT50 values were as follows O mg. L-', 
147 and 158 min; 100 mg-%-I, 145 min; 300 rng*L-', 1 IS and 
125 min; 1000 mge k-I, 125 min. Oxygen uptake rates calcu- 
lated for each group of 1 0 fish were between 2. % and 2.2 mg 
O2 g fish-' h-' for control fish and those exposed to I OQ mg 
sedimentel-' whereas those for fisk exposed to 300 and 
1088 mg suspended sediment .l-' were 2.3-2.5 mg 020g 
fish-' *h-'. These data indicate an increase in oxygen con- 
sumption rates for each group of fish exposed to the two higher 
strengths of suspended sediment only. 
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The tolerance sf juvenile T .  LPPCP~CUS to hypxia was, in 
general, similar to that found previously for underyearling coho 
salmon or rainbow trout examined under identical test condi- 
tions (Mckay 1976; Gordon and Mchay 1977). The critical 
residual dissolved oxygen level at which each of these fish 
species dies, if acclimated at 15°C and held in freshwater at 
20°C, is approximately 2.0 mg Of a L- ' . The even greater toler- 
ance to hypoxic conditions found in the bioassays with grayling 
acclimated t s  5°C md tested at 10°C (critical value approxi- 
mately 1.5 mg 02-L- ' )  is also consistent with findings for 
other salmonid fish in response to a decrease in test temperature 
(Gordon and Mchay  1977) and for T .  arcticus under field 
testing conditions (Simmons 1984). Simmons carried out iden- 
tical sealed jar bioassay experiments using grayling that had 
been exposed to clear (unmined) and turbid (mined) creekwater 
in Alaska for 48 or 96 h. He found no significant differences 
in mean times to death (equilibrium loss) between streams but 
a significantly lower residual dissolved oxygen concentration 
between test conditions a? 8-g0C and those at 3-4°C. 

The progressive decline in times to death found for groups of 
grayling expsed to higher concentrations of organic sediment 
is likely due to the high oxygen demand demonstrated for this 
organic sediment (McLeay et al. 1983). Unlike this response, 
the increase in mean times to death for 15°C-acclimated gray- 
ling, with increasing strengths of inorganic sediment, suggests 
a reduction in respiratory rate attributable to this sediment. This 
response could be due to increased swimming activity of fish 
in the clear soIutisn, in response to visual "disturbance" during 
the bioassay. It could also reflect decreased physical activity, 
reduced ventilatory rate, or decreased efficiency sf oxygen 
transfer, caused by progressively higher strengths of inorganic 
sediment. The significance of this response is unclear in view 
of the lack of effect of these sediment suspensions on the 
fishes' tolerance to hypoxia and on the absence of a time-to- 
death respnse to inorganic sediment for grayling acclimated to 
cold water. 

The effect of suspended sediment on the respiration rate of 
fish has not been examined to my extent. Neumann et al. 
(1975) reported no change in the respiratory rates of oyster 
toadfish (Opscanus tau) held briefly in a 2 g.Ls' suspension 
of natural sediment, although a 72-h exposure to 11 g 
sediment l-' caused a great variance in oxygen uptake rates 
compared with control fish. 

Aquatic contaminants known to affect fish respiration cause 
a concentration-dependent increase in residual oxygen levels of 
salmonid fishes held in sealed jars (Mckay 1976; Vigers and 
Maynard 1977) whereas those contaminants known to exert 
their toxic effects otherwise may not elicit this response 
(McLeay and Gordon 1980). The absence of significant 
changes in residual oxygen values for grayling held in sus- 
pensions of inorganic or organic sediments suggests either that 
these sediments do not impair their tolerance to hypoxic condi- 
tions or that the strengths of sediment to which fish were 
exposed were too low to evoke a response. The elevated re- 
sidual oxygen values for grayling held in sublethal strengths of 
pentachloaophenol confirm that these fish will indeed show a 
response in this bioassay to a contaminant known to affect fish 
respiration. 

The increased oxygen uptake rates found for grayling held 
for 6 wk in 100 or 3000 rng suspended sediment-L-' may 
reflect an increased basal metabolic rate or a sustained increase 
in physical activity for these fish. This response indicates a 
decreased scope for activity of the fish (Fry 1971), Mea- 

surements of scope for activity have been used previously to 
assess the impact of environmental stressors on fish (Brett 
B9%$; Wedemeyer and McLeay 1981). Since the ability sf 
grayling to withstand hypoxia was unaffected by chronic ex- 
posure to any sediment strength examined (residual dissolved 
oxygen values were unchanged), the decreased times to death 
found in sealed jar tests for fish exposed to 300 or 100 mg 
sediment * L-' probably reflect heightened energy demands for 
these fish rather than impaired blood gas exchange (D. $. 
Randall, Department of Zoo%ogy, University of British 
Columbia, Vancouver, B. G. pers. conram.). This csnclusisn is 
also consistent with the lack of change in hematocrit values for 
the sediment-exposed fish. Thus the present findings do not 
suggest a greater capacity to adapt to hypoxic conditions for 
this species than has been determined previously for other 
salmonid fish. 

Tolerance to Elevated Temperature 

Mean critical themal maxima (upper lethal temperatures) 
for goups of fish acclimated to 15°C and subjected to 
progressive temperature increases in the presence of inorganic 
sediment were decreased slightly (< 1") but consistently from 
corresponding control values by concentrations of 
mg - L-' (EC50 188 mg a & - I ;  Table 1). Organic sediment con- 
centrations 2 5  g e ~ - '  also caused a slight decline in mean 
critical themal maxima (Table I) .  

For fish groups acclimated to 5"C, upper lethal temperatures 
were unaffected by any inorganic sediment suspensions to 
which fish were exposed (Table 1). Mean critical themat max- 
ima for these fish groups (25°C) were decreased somewhat 
from those (27-28°C) for fish acclimated to BSBC. 

Tolerance to elevated temperatures was not affected by a 
6-wk exposure to any of the suspended sediment strengths 
examined (Table 2). Upper lethal temperatures for groups of 
fish from each stream receiving sediment were similar (range 
27.7 k 0.1 to 28.0 2 02°C) and variances were low. These 
values were unchanged from that (27.7 -+ 0.3"C) for fish from 
one control stream. Temperatures at death of fish from the 
second control stream were slightly lower (27.8 5 0.7"C), a 
response consistent with their cooler acclimation temperature. 

The temperature tolerance for Arctic grayling held in clear 
freshwater was similar to that determined for underyealing 
coho salmon or rainbow trout under identical conditions 
(Mckay and Howard 1977; McEeay and Gordon 1980). 
LaPerriere and Cxlson (4973) reported earlier that the (high) 
themal tolerance of various life stages of Arctic grayling was 
similar to other salmonid species. The increased resistance to 
high temperature with an increased temperature of acclimation 
(15 vs. 5°C) noted for grayling in our studies is also consistent 
with earlier findings for other salmonid species (Brett 1952; 
Black 1953). The seasonal photoperiod to which fish are accli- 
mated can also influence thermal tolerance (McLeay and 
Gordon 1978). Thus, differences noted in temperature toler- 
ance for grayling acclimated to 15 or 5°C probably reflect the 
effect of a number of variables (e.g. seasonal photoperiod, 
developmental stage of fish, fish condition) besides the tem- 
perature to which the fish were acclimated. 

Sublethal concentrations of a number of aquatic con- 
taminants (i. e. pulpmill effluent, herbicides, certain heavy 
metals) have been shown previously to cause a concentration- 
related decrease in the temperature tolerance of salmonid fish 
(Mckay and Gordon 1978, 1980). Some aquatic contaminants 
can lower the upper lethal temperature tolerance of salmonid 
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fish by as much as 4-5" (MeLeay and Gordon 1978, 1980). 
The minimal responses caused by exposing grayling to very 
high concentrations of suspended inorganic and organic sedi- 
ment indicate that these sediment loadings do not interfere to a 
large extent with the immediate thermal adaptive capacity of 
grayling. These findings, considered together with findings of 
thermal tolerance effects noted previously for salrnonid fish 
and other aquatic contaminants, suggest that short-term or pro- 
longed (6 wk) exposure sf juvenile grayEing to high Isadings of 
suspended sediment may not impair tissue respiration to a sig- 
nificant extent. Nevertheless, the threshold-effect (EC50) 
Bevels of 100 and 847 1 rng organic sediment .Li' determined 
for the 15°C-acclimated grayling indicate that a measurable 
reduction in critical thermal maxima for these fish was caused 
by these and higher sediment strengths. 

Regardless, the findings indicate that the capacity of Arctic 
grayling to withstand high temperatures was virtually un- 
affected by short or prolonged exposure to any strength sf 
suspended sediment examined. This result is consistent with 
previous evidence that tittle if any change In the upper lethal 
temperature tolerance of salrnonid fish is caused by aquatic 
contaminants which do not block oxygen exchange at the gills 
or otherwise impair tissue respiration (McLeay and Gordon 
1988; McLeay et al. 1983). 

Tolerance to Reference Toxicant 

The acute lethal tolerance to pentachlorophend for groups of 
grayling acclimated to 5 and 15°C was similar; 96-h LC50 
values were 61 and 67 pg Lei ,  respectively. At both km- 
peratures, all test fish survived exposures to pntachlorophemaol 
concentrations 540 pg.L-' with no overt signs of distress. 
Pentachlorophenol at sublethal strengths (0.4 and 0.7 of the 
96-h LC50 value) reduced critical thermal maxima for grayling 
by 0.9 and 1.8" respectively. 1n sealed jar bioassays, a 
concentration-dependent increase in residual oxygen values, 
together with a progressive decrease in times to death of the test 
fish, occurred. Sublethal strengths of 35 pgeL-'  (8.5 of the 
96-h LC50 value) and 50 kg * L-' (0.9 L650) elevated residual 
oxygen values (3.2 and 3.3 mg 0: L-' , respectively) from 
those determined for each of the control groups (2.0 t 0.3 and 
2.0 .0.4 rng - L-'). Additionally, exposure of 15°C-ac- 
climated fish for 24 h to pentachlorophenol concenerations of 
220 pg L-' (0.3 of 96-h LC50) caused consistent increases in 
plasma glucose values and decreases in Beucocrit values, with 
marked responses evident at higher (>35 pg L-') strengths. 
Hematocrit values for these fish were unchanged from control 
values. 

After 6 wk of exposure to sediment, the tolerance to a 
150 pg - L-I solution of pentachlarophenol for the two control 
groups and both groups of fish reared in 100 mg sediment a k-' 
was similarly high (LT50,285 -3 10 min). Unlike these values, 
times to death for fish exposed for 6 WEE in 300 and 
1000 mg sediment * l-' were appreciably shorter and signifi- 
cantly different (P < 0.05) from the controls (Table 2). These 
results indicate that the acute lethal tolerance of gray ling to this 
reference toxicant was depressed by prolonged (6 wk) exposure 
to these higher strengths of suspended sediment. 

This decreased tolerance due to prolonged sediment ex- 
posure was not evident by 3 wk. Times to death in 150 pg 
pentachlorophend L-' for groups of grayling reared in 0, 300, 
or l800 rng sediment L-" for this shorter period did not differ 
significantly (LT50, 255-290 min). Times to death for fish 
exposed to this reference toxicant following 3 wk in 108 rng 

sediment L-' were slightly but significantly (P  < 0.05) longer 
(LT50, 3 10 and 320 min) than those for controI fish. 

The Iethat response of T .  arcticus to the reference toxicant 
pentachlorophenol was similar to that recorded for other salrn- 
onid species. The 96-h LC50 values are within the range for 
this respiratory inhibitor reported previously for populations of 
healthy hatchery-reared rainbow trout or coho salmon finger- 
lings acclimated to, and tested in, 10- 12°C water with pH and 
hardness characteristics similar to those used in the present 
studies (Davis and Hoos 1975; Mckeay and Gordon 1980). 
Results from these bioassays, considered together with the 
observations of the fish stock, suggest that the condition and 
tolerance to aquatic contaminants of the laboratory-reared gray- 
ling were typical of healthy populations of young salmonid fish 
species. 

The greater reduction in critical thermal maxima for grayling 
exposed to pentachloropheazol in this study was also consistent 
with that for other salmonid fishes challenged with this refer- 
ence toxicant (McLeay and Gordon 1980). This finding indi- 
cates that the tolerance of grayling to temperature extremes is 
similarly influenced by this aquatic contaminant. Comparison 
of these data with the minimal or negligible response to sus- 
pended sediment confirms that the magnitude of effect for this 
response is dependent on both the nature and concentation of 
toxicant to which fish are subjected. 

The respiratory responses of grayling to penbchlorophenol 
examined in relation to their tolerance of hypoxic conditions 
(elevated residual dissolved oxygen values, decreased times to 
death) we consistent with the response to this reference toxicant 
noted for underyearling rainbow trout tested under identical 
conditions (McEeay and Gordon 1980). This toxicant is known 
to increase the oxygen consumption rate of salmonid fish and 
is believed to uncouple mitochondria1 respiration (Chapman 
and Shumway 1978). 

When challenged with a lethal concentration of penta- 
chlcsrsphenol after 6 wk of exposure to 300 or 1000 mg sus- 
pended sediment a L-', the fish were less able to withstand this 
reference toxicant than control fish or those held in 108 
mg - L-'. This result is consistent with the results of the sealed 
jar bioassay tests in which fish in the higher sediment strengths 
died more rapidly than control fish or those in 100 mg 
sediment a L- ' . 
Fish Behaviour 

Behavioural observations of fish during the acute exposure 
studies were in most instances prevented dare to the opacity of 
the suspensions. For the more dilute concentrations of inor- 
ganic and organic sediment examined (50 and 100 rng L- ') , 
some signs of increased coughing and/or increased swimming 
activity of fish (relative to controls) were apparent; however, 
these were casual observations and no attempt was made to 
establish whether differences were significant. For the survival 
bioassays conducted at 5 and 15"G, all inorganic sediment 
concentrations 2 10 g L-'caused the fish to remain at the 
water surface. This behaviour was not observed in lower inor- 
ganic sediment strengths or in any concentration of organic 
sediment (Table I).  

Surfacing of fish in the test streams was not observed during 
the 6-wk study period. Other observations of behavioural re- 
sponses (e.g. coughing, threats, nips, swimming activity) 
could not be made due to the opacity of the test suspensions. 

Feeding-behavioural trials using live surface drift (D. mela- 
nogaster) showed that response times increased consistently 
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with progressive increases in suspended sediment strengths. At 
1 8 0  mg - E-' , the response times varied from 16 5 4 to 32 t- 
15 s; at 308 mg a-', from 24 +- 20 to 82 2 37 s; and at 
1000 mg = L-' , from 25 5 9 to > 19 1 s. Response times for the 
control streams were similarly rapid (range 6 2 1 to 8 + 4 s). 

In all but 3 of the 45 separate tests in the 1000 mg suspended 
sediment el-8 streams, the fruit fly was consumed within the 
360-s test period. Miss-strikes by grayling were noted fre- 
quently in 300 and 1OOO mg suspended sediment e l-' streams 
but not for those in control water or 100 mg suspended 
sediment * L-I. Similar observations were noted during mutine 
feeding, at which time fish in the higher sediment strengths 
initiated feeding later than those held in 5100  mg suspended 
sediment - l-' . 

The feeding response of the naive T .  arcticus (those held in 
streams for only 1 h prior to testing) to surface drift was more 
variable than that recorded for fish exposed for 5 wk to the test 
conditions. Response times for naive fish in control streams 
were 18 +- 5 to 25 + 29 s; in 100 mg-L-', 10 to >360 s; in 
308 mgeL-< 14 to >360 s; and in 1000 mg*E-I, 209 to 
>360 s. As for the acclimated grayling, mean response times 
for these naive fish increased with sediment concentration but 
were relatively longer than those for the fish reared in test 
streams for 5 wk prior to evaluation. Failure to feed was noted 
for 18 of the 24 tests with naive fish in 1000 mg suspended 
sediment-L-' and for 3 or 6, respectively, of the 24 tests 
carried out in 100 or 300 mg* l-' sediment. Miss-strikes were 
again noted for fish held in the higher sediment strengths 
(Tabbe 2). 

The response of T. arcticus to subsurface prey (live brine 
shrimp) in three trials, after 6 wk of exposure, was similar for 
identical treatments, No consistent differences in response 
times to subsurface drift were found for groups of fish reared 
and tested in 0, BOO, and 300 mg suspended sediment L-'. The 
mean response time for the consumption of all brine shrimp 
was 3-4 min in control streams, 3 min in 100 rng sedi- 
ment L- , 4- 8 min in 300 mg sediment l - ' ,  and >60 min in 
1088 mg sediment - L-l (the fish failed to consume all prey at 
this sediment strength within the 60-min test period) (Table 2). 

Suspended sediment strengths of 188 and 300 mg0L-' did 
not affect the feeding response times for "F. arcticus held in test 
streams for 5 wk or 1 h and fed live tubificid woms. Regard- 
less of these differing durations of sediment exposure, mean 
times for the consumption of all woms by control fish or those 
held in 100 or 308 mg sediment-L-' were 3- 10 min, and no 
consistent changes in response due to treatment were observed. 
However, the highest sediment strength examined (1888 
mg *L-') reduced the feeding response of both naive fish and 
those exposed to this sediment concentration for 5 wk, with 
only 0- 10% of the tubificids consumed in any test during the 
60-min perid (Table 2). 

As with other salmonid fish species, the feeding habits of 
Arctic grayling v q  depending upon life stage. Underyearling 
grayling feed primarily on zooplankton or drift (larvae) from 
benthic invertebrates whereas larger juveniles (>I3 cm) or 
adult grayling tend to feed on benthic or emergent insects and 
larger terrestial insect drift (O'Brien et al. 1979; Stuart and 
Chislett 1979; Schmidt and 07Brien 1982; Birtwell et al. 1984; 
Simmons 1984). An examination of stomach contents for un- 
deryearling grayling captured during summer months from 
clearwater Yukon streams indicated that these fish were feed- 
ing principally on aquatic invertebrate drift (Chironornidae, 
Sirnuliidae) (Birtwell et al. 1984). 

Schmidt and O'Brien (1982) determined that the reactive 
distance (i.e. distance within which a positive feeding response 
occurred) of Arctic grayling to a number of live zooplankton 
species was increased with increasing light intensity. Although 
several salmonid fish species appear to reach their maximum 
visual acuity at about 180 lx (Schmidt and B'Brien 1982), these 
investigators found that reacti'ye distances for grayling in- 
creased up to a light intensity or 20 x 10' lx. Based on these 
findings, these authors concluded '6Becaaase grayling, at least in 
the Arctic, may do much of their feeding under conditions of 
continuous daylight and very clear water, (genetic) selection 
for low light vision may be 'low." Our findings appear to sup- 
port the previous evidence that grayling rely on visual cues to 
locate insects and that decreased light intensity (due in the 
present instance to suspended solids) will impair feeding re- 
sponses for this species. 

Our results also indicate clearly that a 1000 mgo L-I sus- 
pension of placer mining sediment markedly impairs the feed- 
ing performance of underyearling grayling offered surface 
drift, subsurface drift, or benthic invertebrates. This impaired 
response is evident for both naive fish and those exposed con- 
tinuously to this suspended sediment strength for 5-6 wk. 
Interpretation of the effects noted for fish held in the lower 
sediment strengths (108 or 308 mgeL-') is less clear and con- 
founded by modifications in the experimental approach used 
with differing food organisms. The increase in time to respond 
to surface drift for fish chronically exposed to 100 or 300 mg 
sediment suggests that these sediment strengths (and 
1000 mg - L-I) decreased the fishes' reactive distance (ability to 
detect surface prey). The relatively slower response to surface 
drift for naive grayling held only briefly in these sediment 
strengths prior to testing may indicate that those fish sub~ected 
to prolonged sediment exposure have improved their ability to 
discern surface fwd in turbid water. Alternatively, short-term 
exposure to these sediment strengths may have disrupted f e d -  
ing activities to some extent. The similarily rapid feeding re- 
sponse times for naive controls versus long-term controls show 
that the feeding activity of naive fish was not disrupted by 
transfer of fish from the stock tank to the test apparatus. 

Unlike the findings with surface drift, suspended sediment 
strengths of 100 or 308 rng L-' did not impair feeding response 
times for grayling offered subsurface drift (A.  salina) or benthic 
invertebrates (tubificids). The ability of naive or chronically 
exposed grayling to detect and consume tubificids or brine 
shrimp in these sediment strengths, as effectively as control 
fish, was likely due at least in part to the experimental design 
for this test. The white background provided by the submersed 
nylon mesh baskets may have silhouetted these prey, making 
their detection easier. Additionally, holding fish within the 
confines of each basket may have decreased the distance be- 
tween predator and prey sufficiently for these fish to readily 
detect (and consume) these organisms at these sediment 
strengths. Or perhaps the reactive distance for these subsurface 
food organisms at each respective suspended sediment 
strength, whether related to visual or olfactory cues, is greater 
than that for surface drift. 

Several investigators have reported a reduction in the feeding 
responses of salmonid fish due to the presence of suspended 
sediment. Noggle (19'98) found that a suspended sediment 
strength of 188 mg * L-' reduced feeding of coho salmon smolts 
toward caddisfly larvae by 45%, and that feeding ceased alts- 
gether above 300 mg0L-'. Although both juvenile cutthroat 
trout (Sslms clarki) and chinook salmon can continue to feed 
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on surface drift in suspended sediment concentrations >500 
rng .L-' (Griffin l938), me study (Anonymous 1965) reported 
that resident cutthroat trout subjected for 2 h to 35 mg SUS- 
pended sediment L-I wught cover and stopped feeding. Berg 
(1982) determined that suspended sediment at a turbidity level 
of 60 NTU had a marked effect on the visual ability of juvenile 
coho salmon. Delayed response times to surface drift, miss- 
strikes at food, and frequent collisions of fish with an obstacle 
within the test tank were evident. These findings are consistent 
with those for Arctic grayling (particularly naive fish) offered 
surface food in the presence of sediment suspensions 
2 8042 mg. L" I .  Sigler et aI. ( 1  984) considered that the reduc- 
tion in growth rate of coho salmon and steelhead trout during 
their exposure to suspended sediment was perhaps related to an 
inability to feed normally. This was confirmed by Simmons 
(1984) for Arctic grayling held under field conditions. He 
found that the feeding success sf juvenile grayling was im- 
paired in turbid waters. However, since prey availability was 
also reduced in this turbid environment (Wagener 1984), the 
reduced feeding success reported by Simmons (1984) may also 
(in this instance) have been a function of prey availability, 

Fish Distribution 

Based upon subjective observations, fish held in the higher 
sediment strengths (2300 rng L-L) were usually distributed in 
the downstream half of the test streams during feeding. Unlike 
this situation, grayling held in the control and 180 rng 
sediment E-' streams were distributed along the length sf each 
stream. This pattern of distribution was evident within 1 h of 
the introduction of sediment and thereafter throughout the 6-wk 
exposure. Quantitative studies of fish distribution after 4 and 
5 wk of exposure showed that approximately 60% of the con- 
trol fish occupied the upstream half of the control stream 
whereas only 32% of the fish exposed to 180 rng . L- ' , 15% to 
300 mg L- ' , and 16% to 180 mg a LI1 were found in the up- 
stream half. These data, together with the subjective obser- 
vations of fish distribution during regular feeding, indicate that 
the majority sf fish were displaced downstream by the higher 
strengths of suspended sediment (300 and 1080 mga-I ) .  
Since the predominantly downstream distribution of grayling 
exposed to the higher suspended sediment strengths (300 and 
1000 mg L-') was observed within B h of the initial establish- 
ment of the sediment gradients, it is unlikely that this behav- 
ioural response was caused by movement downstream in search 
of food. Rather, these findings suggest an innate downstream 
movement of these fish (avoidance'?) in response to sediment 
exposure. 

S i g h  et aH. (1984) found downstreas~a displacement of steel- 
head trout and coho salmon fry from artificial streams receiving 
clay suspensions with turbidity values as low as 25 NTU. 
Noggle (1978) reported avoidance responses for juvenile coho 
salmon exposed to suspended sediment strengths of 4- 8 g L ' 
whereas lower strengths (1 -4 gal.,-') caused preference re- 
sponses (fish attraction). Other investigators have reported ns 
response (Gradall and Swenson 1982), preference (cited in 
Noggle 1978), or avoidance reactions (Anonymous 1965) for 
other species of salmonid fish exposed to low to medium 
(< 1000 rng L ' )  strengths of suspended sediment under con- 
trolled conditions. Berg (1982) determined that short-term 
pulses of suspended sediment with turbidity values 560 NTU 
caused a breakdown of social organization for juvenile coho 
salmon in labsratoq ssteam environments, resulting in in- 

creased activity and a loss of aggressive interactions. From the 
foregoing, it is apparent that the behavioural responses of 
stream fish to suspended sediment and the associated chaacter- 
istics of turbidity and cover are, as yet, unclear and that differ- 
ences in fish species, age, and sediment strength and type 
(particle size and shape) may result in diverse behavisural 
reactions. 

Fish distribution in natural stream environments can be 
markedly affected by suspended sediment loadings. Several 
instances of salmonid or other fish species avoiding muddy 
streamwater have been reported (Anonymous 1965). Herbert 
et a!. (8961) reported an absence sf brown trout (SaCrn~ trutta) 
fry from downstream sites for streams receiving china-clay 
wastes whereas these fish were abundant at upstream, clear- 
water sites. Similarly, Birtwell et al. (1 9841, Pendray ( 9  983), 
and Simmons (1984) found a consistent reduction in numbers 
of juvenile Arctic grayling within downstream waters receiving 
suspensions of placer mining sediment, reIative to numbers 
found in upstream creekwater or chemater tributary streams. 
These findings provide further evidence for the displacement of 
juvenile Arctic grayling or other salmonid fish species from 
stream environments due to high suspended sediment loadings. 

General Discussion 

The present laboratory bioassays demonstrate that under- 
yearling Arctic grayling can survive shori-tern exposure to 
very high levels (1950 geL-'1 of suspended inorganic or or- 
ganic sediment and prolonged (6 wk) exposure to lesser 
(5 1000 mg * L- I )  concentrations of inorganic sediment. Accli- 
mation temperature (and perhaps season) does not cause any 
marked change in this tolerance, although test results suggest 
a slight reduction in lethal tolerance to suspensions sf inorganic 
sediment for grayling acclimated to cold (5°C) water. These 
Iaboratory findings are consistent with the survival data for 
grayling held for 4 or 5 d in turbid waters downstream of placer 
mining activity (Birtwell et al. 1984; Simmons 1984). 

No gill histopathologies were found in these laboratory 
studies which could be attributed to exposure of grayling to 
sediment. Additionally, the laboratory bioassays indicated that 
the tolerance of grayling to hypoxic conditions or to upper 
lethal temperatures was not appreciably affected by sus- 
pensions of inorganic or organic sediment. The environmental 
significance of the slight but consistent decrease in critical 
themal maxima for warnwater-acclimated grayling exposed 
to inorganic or organic sediment suspensions is not known at 
the present time. Nor is the significance of the increased time 
to death (reduced oxygen uptake rate) for warmwater- 
acclimated grayling only, caused by high ( 2 4  g * L-') concen- 
tations of inorganic sediment, understood. The decreased times 
to death for grayling held in sealed jars containing organic 
sediment concentrations 2 160 rng L-' are ahought to reflect 
the oxygen demand of this organic material. The environmental 
relevance of this oxygen demand is site specific and would be 
modified markedly by factors such as overburden type and 
loading to receiving waters, flow conditions, water tem- 
perature, and presence or absence of ice cover. 

The acute stress bioassays demonstrate that suspensions of 
both inorganic and organic sediment can be stressful to under- 
yearling Arctic grayling. Further, the test results indicate that 
suspended sediment strengths as low as 50 rng - L-' (organic 
sediment) may be stressful to these fish and that stress re- 
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sponses can be evoked for both coldwater- and warnwater- 
acclimated fish. The environmental relevance of these re- 
sponses to the immediate survival and long-term well being of 
Arctic grayling cannot be ascertained without further studies. 
However, stressful conditions are well known to reduce the 
adaptive responses of other salmonid fish species to natural 
environmental fluctuations and to increase the susceptibility of 
fish to disease (Wedemeyer et al. 1976, 1984; Wedemeyer and 
Mckay B 98 1 ) . Sublethal effects including a continued im- 
pairment sf feeding activity, impaired growth, decreased scope 
for activity, and decreased resistance to other environmental 
stressors can occur in response to stress. 

Bur findings indicate that concentrations of suspended placer 
mining sediment as low as BOO mg *L-'  can affect fish growth 
and feeding responses and that strengths a308 mgeL-' can 
increase oxygen consumption (metabolic rate), lower the toler- 
ance of grayling to a reference toxicant, and cause fish to be 
distributed further downstream. These findings provide cause 
for concern if sediment concentrations > 100 mg- L-' remain 
suspended in streams inhabited by juvenile Arctic grayling or 
other sensitive fish species for extended periods. Suspended 
sediment strengths as low as 188 rngeL-' may also prove 
harmful to the Bong-tern well being of grayling in natural 
stream environments. Although the effects on growth and feed- 
ing response times for fish exposed to 180 mg sediment - L-' for 
6 wk were minimal, the absence of a continuous supply of 
excess fwd in the natural environment together with the greater 
effort required for the detection and capture of available food, 
predatorlprey interactions, and simultaneous exposure to other 
less than optimal environmental conditions may increase the 
impact of prolonged exposure to this suspended sediment 
strength . 

The displacement of salmonid fish from upstream waters 
shown in this study for suspended sediment strengths >BOO 
mg a L-' and in a previous (Sigler et al. 1984) laboratory in- 
vestigation is of particular importance, as these findings indi- 
cate that short-term pulses of suspended sediment may cause 
downstream migration of otherwise resident fish. This down- 
stream displacement and probable reduction in the mount and 
quality of habitat are cause for concern if healthy natural pop- 
ulations of T .  arcticus are to be maintained and managed in 
areas subjected to placer mining. 

These and other studies indicate that a number of sediment 
characteristics besides concentation in suspension (i.e. particle 
size, shape, hardness, organic content) can modify their ability 
to h m  salmonid or other fish species. Additionally, specific 
test conditions including water quality, fish handling and prior 
history, differences in fish condition, and innate tolerance 
could markedly alter the toxic responses of the same or other 
fish species to suspended sediment. Accordingly, the concen- 
trations of organic or inorganic sediment shown in the present 
studies to cause specific responses are not applicable in a gen- 
eral sense, and values derived are useful only insofar as they 
demonstrate the nature and degree of effects that can be 
evoked. 
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